We report the large linear magnetoresistance (∼ 300% in 9 T field at 2 K) and magnetothermopower in layered SrZnSb 2 crystal with quasi-two-dimensional Sb layers. A crossover from the semiclassical parabolic field dependent magnetoresistance to linear field dependent magnetoresistance with increasing magnetic field is observed. The magnetoresistance behavior can be described very well by combining the semiclassical cyclotron contribution and the quantum limit magnetoresistance. Magnetic field also enhances the thermopower. Our results can be well understood by the magnetotransport of Dirac states in the bulk band structure.
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The transport of low dimensional electronic systems is a central topic in contemporary condensed matter physics. Besides phenomena in some artificial twodimensional (2D) structures such as quantum Hall effect in artificial electron gas and Dirac fermions in graphene, 1,2 bulk materials with layered structures can also host some low dimensional properties such as quasi-2D Dirac states. Recently, very large MR was observed in layered Bi-based compound SrMnBi 2 and CaMnBi 2 which is attributed to the anisotropic Dirac states.
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In SrMnBi 2 , MR approaches ∼ 200% in 9 T field at 2 K.
3,4 MR gives information about the characteristics of the Fermi surface and could point to candidate materials for magnetic memory or other spintronic devices. This makes SrMnBi 2 and the search for materials similar to SrMnBi 2 of considerable interest in both fundamental and application research.
SrMnBi 2 with 112-type structure contains MnBi 4 layers and 2D Bi square nets that alternate along the c-axis and are separated by Sr atoms. [3] [4] [5] Highly anisotropic Dirac states whose linear energy dispersion originates from the crossing of two Bi 6p x,y bands in the doublesized Bi square net, were identified.
3 For Dirac fermions, the distance between the lowest and 1 st LLs in magnetic field, ∆ LL , is very large and the quantum limit where all carriers occupy only the lowest LL is easily realized in moderate fields. 8, 9 Consequently some quantum transport phenomena such as quantum Hall effect and large linear magnetoresistance (MR) could be observed by conventional experimental methods. [10] [11] [12] [13] [14] Therefore it is of considerable interest to explore materials with bulk Dirac states.
Here we report detailed resistivity, Hall effect and thermopower measurements in SrZnSb 2 crystal with quasitwo-dimensional Sb layers. SrZnSb 2 is a bad metal with low carrier density and exhibits very large magnetoresistance (∼ 300% in 9 T field at 2 K) with a crossover from the semiclassical M R ∼ H 2 below 2 T to M R ∼ H in higher fields. The magnetoresistance behavior can be described very well by combining the semiclassical cyclotron contribution and the quantum limit magnetoresistance. Magnetic field also has significant effect on thermopower. Our results indicate the possible existence of Dirac fermions in this material.
Single crystals of SrZnSb 2 were grown using a hightemperature self-flux method. 15 The resultant crystals are plate-like. X-ray diffraction (XRD) data were taken with Cu K α (λ = 0.15418 nm) radiation of Rigaku Miniflex powder diffractometer. Electrical transport measurements up to 9 T were conducted in Quantum Design PPMS-9 with conventional four-wire method. In the inplane resistivity and Hall measurements, the current path was in the bc-plane, whereas magnetic field was parallel to the a-axis except in the angular dependent MR measurement. Seebeck coefficient was measured using steady state method and one-heater-two-thermometer setup with silver epoxy contact directly on the sample surface. The heat and electrical current were transported within the bc-plane of the crystal, with magnetic field along the a-axis and perpendicular to the heat/electrical current. The relative error in our measurement for both κ and S was below 5% based on Ni standard measured under identical conditions. Fig. 1(a) shows the powder XRD pattern of flux grown SrZnSb 2 crystals, which were fitted by RIETICA software. 16 All reflections can be indexed in the Pnma space group. There are ZnSb 4 tetrahedral layers separated by the Sr atoms and 2D Sb blocking layers ( Fig.  1(b) ). Single crystal XRD pattern (inset of Fig. 1(a) ) shows that the basal plane of a cleaved crystal is the crystallographic bc-plane. The in-plane resistivity ρ bc (T ) shown in Fig. 1 (c) exhibits a metallic behavior. An external magnetic field significantly enhances the resistivity by nearly three orders of magnitude. As the temperature is increased, MR is gradually suppressed and becomes rather small above ∼ 200 K. Seebeck coefficient of SrZnSb 2 is positive in the whole temperature range indicating hole-type carriers ( Fig. 1(d) ).
SrZnSb 2 exhibits large magnetoresistance. The inplane magnetoresistance MR=(ρ bc (B) − ρ bc (0))/ρ bc (0) reaches about 300% in 9 T field at 2 K (Fig. 2(a) ). The magnetoresistance is suppressed gradually with increase in temperature as shown in Fig. 2(a) but still is ∼ 50% at 100 K ( Fig. 2(b) ). More interesting, MR in SrZnSb 2 is linear in high field region. The inset in Fig. 2(a) shows the field derivative of the MR, dMR/dB, as a function of field B at 40 K. Below ∼ 2 T, dMR/dB is proportional to B, indicating the approximately quadratic field dependent MR (∼ A 2 B 2 ). Above a characteristic field, dMR/dB deviates from the semiclassical behavior and saturates to a much reduced slope indicating that the MR for B > B * is dominated by a linear field dependent term plus a very small quadratic term. Fig. 3(a) shows the Hall resistivity ρ xy for SrZnSb 2 at different temperature. In the whole temperature range, ρ xy is positive which is consistent with Seebeck coefficient and indicates hole-type carriers in SrZnSb 2 . The magnetic field dependent behavior in ρ xy is different from the classical Hall behavior. The positive ρ xy are not linear in field but quadratic. Fig. 3(b) shows the temperature dependencies of the Hall coefficient R H which is defined as R H = ρ xy /B near B = 0. 17, 18 At low temperature, the apparent carrier density n app = RH e ∼ 2 × 10 18 cm −3 , which is smaller than conventional metals. Above ∼ 50 K, R H (or the carrier density) shows a thermally activated behavior (Fig. 3(c) ). These indicate that SrZnSb 2 is a bad metal with small carrier density and the Fermi level is very close to the valley in the density of states (DOS).
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The large linear magnetoresistance and magnetothermopower effects in SrZnSb 2 are extraordinary and contradict the semiclassical transport theory. For conventional metals, the semiclassical transport gives M R = 18 This usually produces quadratic field-dependent MR in the low field range which would saturate in the high field, and the MR is always very small. If there are open orbits or Fermi surfaces, unsaturated MR with B 2 -dependent would appear even in high field along the opened orbits while in other directions MR should still saturate. Consequently the linear field-dependent MR could be expected in polycrystal due to the average effect. 18 The large linear MR in SrZnSb 2 single crystal clearly deviates from above two types of behavior.
Large linear MR in magnetic field below 9 T was also observed in some other materials, such as Bi 2 (Te/Se) 3 , graphene, Ag 2−δ Te, as well as iron-based superconductors BaFe 2 As 2 and La(FeRu)AsO. [10] [11] [12] [13] [14] All these materials were found to host Dirac fermions with linear energy dispersion, and the linear MR was ascribed to the quantum limit of Dirac fermions. In high enough field and the extreme quantum limit where carriers occupy only the lowest Landau level (LL), a large linear MR could be expected with ρ = 19,20 ∆ LL of Dirac fermions in magnetic field is very large and the quantum limit is easily realized in low field region.
8,9
Large linear MR was also observed recently in SrMnBi 2 . In SrMnBi 2 , highly anisotropic Dirac states were identified where linear energy dispersion originates from the crossing of two Bi 6p x,y bands in the doublesized Bi square nets. The crystal structure of SrZnSb 2 features quasi-two-dimensional Sb layers similar to the double-sized Bi square nets in SrMnBi 2 . It could be expected that the Sb layers in SrZnSb 2 can also host Dirac fermions. We note that the physical properties of SrZnSb 2 are very similar to SrMnBi 2 and CaMnBi 2 . SrMnBi 2 and CaMnBi 2 are bad metals since the Fermi level is close to the valley in the density of states and close to the Dirac cone in the band structure because of the covalent nature of Bi 6p bonds in the 2D Bi layers.
3,4
The magnitude of the resistivity in SrZnSb 2 is similar to that in (Sr/Ca)MnBi 2 and Hall resistivity reveals small carrier density. Because the Fermi level is close the Diraccone-like point in the band structure of (Sr/Ca)MnBi 2 , the shift of the Fermi level by the magnetic field induces significant change in the carrier number and subsequently enhances significantly the absolute value of Seebeck coefficient. This is absent in conventional metals with very wide band crossing the Fermi level.
21 Similar effects was also observed in Ag 2−δ Te. 22 In SrZnSb 2 , the external magnetic field has small influence on the S below ∼ 5 K and above 250 K, but significantly enhances S between 10 K and 200 K. This implies the existence of Dirac fermions in SrZnSb 2 .
Taking the linear MR induced by quantum limit into account, MR in Dirac materials can be described by
with α, β, γ as the fitting parameters. 14, 18, 19 The first term of Eqn.1 is the cyclotron motion of carriers and the second term is the quantum limit MR. MR of SrZnSb 2 can be described very well by this mechanism. Fig. 2(b) shows a fitting example of MR at 100 K using above equation, and the inset in Fig. 2(b) gives the MR contribution from cyclotron motion (the first term in Eqn.1) and quantum linear MR (the second term in Eqn.1) at 100 K, respectively. This is consistent with the existence of Dirac fermions in SrZnSb 2 . At low temperature, the quantum limit MR dominates. With increasing temperature, thermal fluctuation smears out the LL splitting, and consequently quantum limit contribution becomes smaller and total MR vanishes gradually.
In summary, we performed detailed resistivity, Hall effect and thermopower measurements in SrZnSb 2 crystal with quasi-two-dimensional Sb layers. SrZnSb 2 is a bad metal with low carrier density and exhibits very large magnetoresistance (∼ 300% in 9 T field at 2 K). A crossover from the semiclassical parabolic field dependent magnetoresistance in low field region to linear field dependent magnetoresistance in high field region is observed. The magnetoresistance behavior can be described very well by combining the semiclassical cyclotron contribution and the quantum limit magnetoresistance. Magnetic field also enhances significantly the thermopower. Our results indicate that the large linear MR arises from Dirac states in linear bands of the bulk band structure.
